Axonal guidance involves extrinsic molecular cues that bind growth cone receptors and signal to the cytoskeleton through divergent pathways. Some signaling intermediates are deployed downstream of molecularly distinct axon guidance receptor families, but the scope of this overlap is unclear, as is the impact of embryonic axon guidance fidelity on adult nervous system function. Here, we demonstrate that the Rho-GTPase-activating protein ␣2-chimaerin is specifically required for EphA and not EphB receptor signaling in mouse and chick spinal motor axons. Reflecting this specificity, the loss of ␣2-chimaerin function disrupts the limb trajectory of extensor-muscleinnervating motor axons the guidance of which depends on EphA signaling. These embryonic defects affect coordinated contraction of antagonistic flexor-extensor muscles in the adult, indicating that accurate embryonic motor axon guidance is critical for optimal neuromuscular function. Together, our observations provide the first functional evidence of an Eph receptor-class-specific intracellular signaling protein that is required for appropriate neuromuscular connectivity.
Introduction
Axon guidance ligands form structurally related families, raising the question of whether their homologous receptors share molecular strategies that relay extracellular signals to the cytoskeleton. Disruption of ligand-receptor interactions causes embryonic axon trajectory errors; however, their link to specific adult neuronal circuit function defects is unclear (Tessier-Lavigne and Goodman, 1996; Bashaw and Klein, 2010; Kolodkin and Tessier-Lavigne, 2011) .
Ephrins and their Eph tyrosine kinase receptors have been implicated in many axon guidance processes . Ephs bind mostly same-class ligands and elicit growth cone collapse, suggesting that they might share common intracellular signaling effectors. In some cellular contexts, different EphA receptors elicit different responses to the same ligand (Seiradake et al., 2013) , suggesting that some intracellular effectors are receptor specific. Eph signals converge onto the Rho family of GTPases (RhoA, Rac1, Cdc42), which control growth cone cytoskeletal dynamics. This relay is performed by Rho-GTPase-activating proteins (GAPs) and guanine nucleotide exchange factors (GEFs), which inactivate or activate Rho-GTPases, respectively (Wong et al., 2001; Luo, 2002; Ng et al., 2002; Govek et al., 2005; Bashaw and Klein, 2010) . Structural diversity of GAPs and GEFs enables them to interact preferentially with selected axon guidance receptors, whereas their conserved domains enable coupling to a limited set of Rho GTPases. For example, ephexin1 and Vav2 are GEFs specific for EphA and EphB receptors required for RhoA and Rac1 activation, respectively (Shamah et al., 2001; Cowan et al., 2005) . ␣2-chimaerin is a Rac1-inactivating GAP, binding Ephs from both A and B classes (Beg et al., 2007; Iwasato et al., 2007; Shi et al., 2007; Wegmeyer et al., 2007) , suggesting that it might be a universal effector of Eph signaling. Importantly, gain-of-function mutations in the human gene encoding ␣2-chimaerin cause Duane's retraction syndrome (DRS; Miyake et al., 2008) , a congenital oculomotor defect.
Limb muscle innervation by spinal lateral motor column (LMC) motor neurons is a binary axon guidance paradigm: lateral LMC and medial LMC axons, upon arrival in the limb, in-nervate dorsal or ventral limb muscles, respectively (Landmesser, 1978; Lance-Jones and Landmesser, 1981; Luria and Laufer, 2007) . Ephrin:Eph signaling plays a critical role in this selection: EphA-expressing lateral LMC axons select the dorsal limb nerve in response to ventral limb ephrin-As (Helmbacher et al., 2000; Eberhart et al., 2002; Kania and Jessell, 2003; Kao et al., 2012) . Similarly, EphB signaling in response to dorsal limb ephrin-Bs guides medial LMC axons into the ventral limb nerve (Luria et al., 2008) . This paradigm can be used to identify the functionally relevant intracellular effectors of Eph signaling .
Here, we demonstrate that ␣2-chimaerin is required for LMC axon guidance and its loss and gain-of-function block EphA signaling, but not EphB-dependent signaling. Furthermore, LMC misprojections in ␣2-chimaerin mouse mutants persist in adults and lead to specific hindlimb neuromuscular function defects. Together, these findings represent a step toward decoding the intracellular logic of Rho-GTPase function in axon guidance and its relevance for adult nervous system function.
Materials and Methods

Molecular biology
The characterization of expression constructs, including e[Isl1]::GFP, EphB2::GFP, EphA4::GFP, ␣2-chimaerin (␣2-chi), ␣2-chi::GFP, ␣2-chi N94H ::GFP, and ␣2-chi ⌬YRV ::GFP has been described previously (Hall et al., 2001; Kania and Jessell, 2003; Beg et al., 2007; Kao et al., 2009; Palmesino et al., 2010) .
In situ hybridization cRNA probes were obtained as follows : target sequences amplification primers were designed using Primer3 version 0.4.0 software (Rozen and Skaletsky, 2000) and the probe size was set at 600 to 800 bp. One-step RT-PCR was performed (Qiagen) using the designed primers containing T7 polymerase promoters (Invitrogen) to make and amplify cDNA template from chick HH st. 25/26 or mouse embryonic day 11.5 (e11.5) pooled brain RNA. The PCR product was purified by gel electrophoresis in 1% agarose gel and gel extraction using QIAquick gel extraction kit (Qiagen). The purified DNA was then reamplified by PCR. The yield of DNA was estimated by the Low DNA Mass Ladder (Invitrogen) after gel electrophoresis. DIG-labeled RNA probes were synthesized by in vitro transcription with T7 RNA polymerase using DIG RNA labeling kit (Roche). All probes were verified by sequencing. The source of sequence and the recognized region for each probe are described as follows: chick ␣-chimaerin (NM_001012952, 930 -1679), mouse ␣2-chimaerin (NM_029716, 275-992). The details of Isl1 and Lim1 probes have been described previously (Tsuchida et al., 1994a) .
Chick in ovo electroporation
Chick spinal cord electroporation of expression plasmids was performed at HH st. 18/19, generally as described previously (Momose et al., 1999; Luria et al., 2008) . In brief, a 5-10 g/l solution of plasmid DNA in TE buffer, pH 7.5 (10 mM Tris-HCl, Fisher Scientific, and 1 mM EDTA; Invitrogen) was injected into the lumbar neural tube through a small eggshell window under a Discovery V12 stereomicroscope (Zeiss). Lower bodies of chick embryos were then electroporated with platinum/iridium electrodes (FHC) and the TSS20 electroporator (Ovodyne, settings: 30 V, 5 pulses 50 ms wide in a 1 s interval). Shell windows were sealed with Parafilm (Pechiney Plastic Packaging) and incubated at 38°C until harvesting at HH st. 28/29. The efficiency of electroporation varied between 5% and 30% of total LMC neurons electroporated depends upon the construct and DNA concentration used. When the nontagged expression plasmids was coelectroporated with GFP expression plasmids or other plasmids fused with GFP, their concentration was at least three times that of those GFP-fused plasmids to ensure high efficiency of coexpression.
siRNA duplex oligonucleotides with 3ЈTT overhang were purified over MicroSpin G-25 columns (GE Healthcare) in 10 mM Tris-Cl (Fisher Scientific), 1 mM EDTA (Invitrogen), and 20 mM NaCl (EMD Chemicals). GFP expression plasmid (1 g/l) was coelectroporated with the siRNA solution to label motor axons. SiRNA sequences (sense strand) are as follows: [␣2-chi]siRNA, 1:1:1 mixture of GCUCUGACCUUGUUCGAUA, GGAACCUACACUUUGGCAU and CCAGAUGAACAGCUGGAAA.
Cholera toxin-B retrograde labeling of motor neurons
To identify motor neurons innervating extensor and flexor muscles, injections of Alexa Fluor-conjugated cholera toxin B subunit (CtB; Invitrogen) were made into the muscular layers of the vastus lateralis (Alexa Fluor-488-Ctb) and bicep femoris (Alexa Fluor-594-Ctb), respectively. Mice were anesthetized with isofluorane (2-3%) and once a deep level of anesthesia was obtained (failure to withdraw from footpinch), a 2 l injection of 0.5% Alexa-Ctb was made into 1-2 sites along each muscle. Injections were performed at a rate of 0.5 l/min using a Hamilton syringe with a 30.5 gauge injection needle. Animals were killed 2 d after tracer injection by ketamine/xylazine terminal anesthesia using perfusion fixation (PBS followed by 4% PFA). The L2-L5 segments of the lumbar spinal cord were identified by vertebrae counts, dissected, and postfixed overnight in 4% PFA at 4°C. Then, 50 m vibratome sections were serially collected and mounted in Fluoromount-G (Southern Biotech).
Motor neuron position assignment and quantification
A total of 10 animals/genotype/age were injected and analyzed. All quantifications were done on at least 5 consecutive sections from lumbar levels L2-L5 and at least 160 cells/genotype/age were quantitated. To identify motor neuron position, normalized spinal cord landmarks were assigned values to establish a common X-Y coordinate system for labeled motor neurons cell bodies. For mediolateral assignment, the central canal was set as the 0 coordinate and the most lateral edge of the spinal cord section was set as the 1 coordinate. For dorsoventral assignment, the central canal was set as the 1 coordinate and the most ventral edge of the spinal cord section was set as the 0 coordinate. ML and DV positions were calculated using ImageJ software. Dataset visualization and statistical analysis was performed using R (R Foundation for Statistical Computing, http://www.r-project.org). One-dimensional kernel density estimates were obtained using the R "density" function. One-dimensional data were compared using unpaired Student's t test. Two-dimensional kernel density estimation used to compute the distribution contours was obtained using the "kde2d" function provided in the "MASS" library. Twodimensional kernel density estimations were graphically displayed as contour plots and were compared using a two-sample Hotelling's T2, which is a two-dimensional generalization of the Student's t test. For box plots, the horizontal bar indicates the median value, box limits are set at the 25th and 75th percentile of the distribution, whiskers are set for the minimum and maximum data points.
In situ mRNA detection and immunostaining
Chick and mouse embryos were fixed in a 4% solution of paraformaldehyde (Sigma) in PBS, equilibrated with 30% sucrose in PBS, embedded in optimal cutting temperature medium (Sakura Finetek), and stored at Ϫ80°C. Twelve-micrometer sections were collected using a Leica cryostat microtome.
In situ mRNA detection was performed as described previously (Schaeren-Wiemers and Gerfin-Moser, 1993; Kania and Jessell, 2003a) . In brief, tissue sections were first fixed in 4% solution of paraformaldehyde in PBS for 10 min at room temperature (RT), washed three times with PBS for 5 min, and digested in Proteinase K solution (1 g/ml; Roche) in 6.25 mM EDTA, pH 8.0 (Invitrogen) and 50 mM Tris pH 7.5 (Fisher Scientific). Samples were acetylated for 10 min by immersion in a mixture of 6 ml of triethanolamine (Sigma), 500 ml of double-distilled H 2 O, and 1.30 ml of acetic anhydride (Sigma). After PBS washes, samples were incubated with hybridization buffer [50% formamide, 5ϫ SSC (20ϫ SSC is 3 M NaCl, 0.3 M NaAc), 5ϫ Denhardts (Sigma), and 500 g/ml salmon sperm DNA (Roche)] for 2 h at RT, followed by incubation overnight at 72°C with DIG-labeled RNA probes (see above) in the hybridization buffer at a concentration of 2-5 ng/l. After hybridization, samples were immersed in 5ϫ SSC at 72°C, followed by 2 washes in 0.2ϫ SSC at 72°C for 45 min each and 0.2ϫ SSC at RT for 5 min. Tissues were then rinsed with B1 buffer (0.1 M Tris, pH 7.5, and 0.15 M NaCl; Fisher Scientific) for 5 min, blocked with B2 buffer (10% heat-inactivated horse serum in B1) for 1 h at RT, and incubated with anti-DIG antibody (1: 5000 in B2; Roche) overnight at 4°C. Samples were then rinsed with B1 and equilibrated with B3 buffer (0.1 M Tris, pH 9.5, 0.1 M NaCl, 0.05 M MgCl 2 ; Fisher Scientific). To detect bound anti-DIG antibodies, samples were incubated with B4 buffer (100 mg/Ml NBT, 50 mg/Ml BCIP; Roche) and 400 mM levamisole (Sigma) in B3 in the dark. The reaction was stopped by immersion in H 2 O.
For immunostaining, sectioned tissue was first washed in PBS, incubated in blocking solution (1% heat-inactivated horse serum in 0.1% Triton-X/PBS; Sigma) for 5 min, followed by incubation overnight at 4°C in selected primary antibodies diluted in blocking solution. The following primary antibodies were used: guinea pig and mouse anti-Isl1 (1:1000 and 1:100; Tsuchida et al., 1994b), rabbit anti-Lim1/2 (1:100; Tsuchida et al., 1994b), rabbit anti-FoxP1 (1:1000; Abcam), guinea pig anti-FoxP1 (1:1000; Dasen et al., 2008) , sheep anti-GFP (1:1000; Invitrogen), rabbit anti-EphA4 (1:1000; Santa Cruz Biotechnology), goat anti-EphB1 (1: 500; Santa Cruz Biotechnology), mouse anti-mouse 165 kDa neurofilament (1:500; Dodd and Jessell, 1988) . After incubation in the primary antibodies, samples were washed with PBS and incubated with appropriate secondary antibodies for 1 h at RT. The following secondary antibodies were used: Cy3-(or Cy-5)-conjugated AffiniPure donkey anti-mouse (rabbit, goat, or guinea pig) IgG (1:1000 for Cy3, 1:500 for Cy5 secondary antibodies; Jackson ImmunoResearch Laboratory), Alexa Fluor 488 donkey anti-mouse (rabbit or sheep) IgG (1:1000; Invitrogen).
Coimmunoprecipitation
Spinal cords from postnatal day 3 (P3) wild-type mice were acutely isolated and homogenized in lysis buffer (25 mM Tris, pH 7.5, 150 mM NaCl, 2 mM MgCl 2 , 1% NP-40, containing protease and phosphatase inhibitors). After 30 minutes on ice, lysates were clarified by centrifugation and incubated with 3 g of anti-␣2-chimaerin or negative control anti-HA antibodies for 3 h at 4°C, followed by incubation with protein A/G magnetic beads (Pierce) for 1 h at room temperature. The beads were washed three times with lysis buffer and bound proteins were eluted and analyzed by SDS-PAGE and immunoblotting. The following antibodies were used: rabbit anti-␣2-chimaerin (Abcam), rabbit anti-HA (Abcam), rabbit anti-EphB1 (Santa Cruz Biotechnology), and goat anti-EphA4 (R&D Systems).
Image quantification
Images were acquired using a Leica DM6000 microscope; Zeiss LSM or Nikon A1R confocal microscope with Volocity imaging software (Improvision). GFP-labeled axonal projections were quantified by combining over threshold pixel counts in limb section images containing limb nerves (10 -15 of 12 micrometer limb sections from each embryo) using Photoshop (Adobe). The dorsal or ventral limb nerve was selected by gating on the neurofilament channel and using the lasso tool, and pixel counts from the threshold to the maximal level were those indicated in the histogram window of the GFP channel. Motor neuron numbers were quantified by combining cell counts of a series of spinal cord section images (5-10 of 12 m limb sections from each embryo).
Behavioral experiments
Adult male mice 10 -12 weeks of age were used for all behavioral tests (n ϭ 20, 10 wild-type, 10 ␣2-chimaerin gt/gt . Homozygous ␣2-chimaerin gene-trap and wild-type (C57BL/6J) littermate controls were used for all behavioral experiments. All animals were kept on a 12:12 light dark cycle and tested during the light phase. All animal procedures were approved and performed in compliance with the University of Michigan Institutional Animal Care and Use Committee, in accordance with the standards in the National Institutes of Health's Guide for the Care and Use of Laboratory Animals. Statistical analysis was performed using GraphPad Prism 6. Results are expressed as mean Ϯ SD with significance defined a p Ͻ 0.05, Student's t test.
Digigait. Gait analysis was performed using a digital footprint analysis system (DigiGait; Mouse Specifics). Adult male mice were accustomed to the motorized transparent treadmill at gradually increasing speeds and recorded at 20 cm/s. A high-speed video recorder mounted underneath the belt was used to image the ventral side of the mice and recorded at least six complete steps. Videos were acquired with DigiGait Video Imaging Acquisition software and analyzed with DigiGait Video Imaging Analysis Software.
Accelerating rotarod. The rotarod apparatus (Ugo Basile) was composed of a horizontal rod, 3 cm in diameter, separated by opaque plastic dividers to accommodate up to 5 mice per trial. Adult male mice were trained for 2 consecutive days (3 trials per day) and tested on the third day. Each trial started at a speed of 4 rpm and slowly accelerated to 40 rpm over the course of 300 s. The latency to fall from the rod was recorded and data are reported as the average of 3 trials on test day (day 3). Rest periods in between trials were at least 5 min.
Open field. Locomotor activity was measured with Photobeam Activity System-Open Field (San Diego Instruments). Each animal was tested for 60 min in a 16 ϫ 16 clear acrylic animal enclosure with both horizontal and vertical photobeams. Data were collected by the PAS software. Each chamber was rinsed with water, followed by 70% alcohol, and allowed to air dry between animals. Four chambers ran simultaneously.
Grid hang. Mice were placed on a wire grid (mouse cage lid) 40 cm above a padded surface, which was slowly inverted to let the mice hang by their paws. Mice were timed until they fell off, up to 120 s. Mice were given three trials and the best trial was recorded. It was also recorded if the mice exhibited any hyperflexion behavior during the grid hang test.
Statistical analysis
Data from the experimental replicate sets were evaluated using Microsoft Excel, Aabel (Gigawiz), or Prism (GraphPad). Means of the combined proportions or cell numbers were compared with Student's unpaired t tests with the threshold for statistical significance set at 0.05. For multiple comparisons, one-way ANOVA with Tukey post hoc was used and statistical significance was set at 0.05.
Results
␣2-chimaerin is expressed in LMC neurons
To examine the functional role of ␣2-chimaerin in Eph receptordependent spinal motor neuron signaling, we first surveyed its expression in LMC neurons in which EphA and EphB class signaling plays a prominent role in axon guidance. We thus examined ␣2-chimaerin mRNA expression by in situ hybridization in both brachial/cervical and lumbar spinal cord sections of e11.5 mouse embryos and lumbar spinal cord of HH st. 25/26 chick embryos at the time of LMC axon growth into the limb mesenchyme ( Fig. 1 and data not shown; Tosney and Landmesser, 1985; Hamburger and Hamilton, 1992; Kania et al., 2000) . LMC neurons were identified by their expression of the medial LMC neuron marker Isl1 and the lateral LMC neuron marker Lim1 (Fig. 1 A, B, D, E; Tsuchida et al., 1994b) . ␣2-chimaerin mRNA was highly expressed in both medial and lateral LMC motor neurons in chick and mouse embryos without any apparent enrichment in either LMC neuron subpopulation (Fig. 1C,F) .
To determine whether ␣2-chimaerin interacts with Eph receptors in vivo, spinal cord lysates from P3 wild-type mice were immunoprecipitated with an anti-␣2-chimaerin antibody or negative control anti-HA antibody. Both EphA4 and EphB1 were coimmunoprecipitated with ␣2-chimaerin (Fig. 1G) . Together, these data demonstrate that ␣2-chimaerin is broadly expressed in LMC motor neuron pools and can interact with both EphA4 and EphB1 receptors, critical mediators of lateral and medial LMC axonal pathfinding, respectively.
␣2-chimaerin is required for ephrin-A-mediated motor axon responses in vitro
To investigate directly the dependence of Eph signaling on ␣2-chimaerin function, we tested the response of LMC axons to stripes of ephrin-A or ephrin-B proteins in the context of ␣2-chimaerin loss or gain of function . We electroporated inhibitory siRNAs against ␣2-chimaerin mRNA ([␣2-chi]siRNA), expression plasmids encoding a full-length untagged ␣2-chimaerin (␣2-chi), GFP-tagged ␣2-chimaerin (␣2-chi::GFP), or GAP-domain-inactive mutant (␣2-chi ⌬YRV ::GFP), which severely attenuates Rac1 inhibition, into chick HH st. 18/19 LMC neurons ( Fig. 2; Hall et al., 2001 ). After incubation, HH st. 25/26 LMC explants were dissected and placed onto carpets of two alternating stripes: those containing a mixture of ephrin-Fc and a Cy3 secondary antibody or Fc and Cy3 secondary antibody and those containing Fc protein only. Medial LMC axons were identified by e[Isl1]::GFP electroporation, whereas lateral LMC axons were identified by their EphA4 expression and stripe preference was scored as the proportion of GFP or EphA4 signal found over the different stripes after overnight explant culture :GFP exhibited significantly attenuated repulsion from ephrin-A5 stripes compared with GFP controls, suggesting that ␣2-chimaerin and its GAP activity is required for EphA-mediated lateral LMC axon repulsion from ephrin-A5 ( Fig.  2D-G ; p Ͻ 0.001 for both groups). Similarly, lateral LMC neurons expressing the wild-type fusion protein ␣2-chi::GFP showed attenuated repulsion from ephrin-A5 compared with GFP controls (Fig. 2F ) .
Together, these data demonstrate that gain or loss of function of ␣2-chimaerin yield similar axon guidance defects, suggesting that the accuracy of signaling in response to ephrin-As is critically dependent upon the spatially restricted pool of activated ␣2-chimaerin ( Fig. 2E,F ; p Ͻ 0.01). Supporting this model, hyperactivating and loss-of-function mutations in ␣2-chimaerin that respectively decrease or increase Rac1 signaling cause axon guidance defects in humans and in mouse and zebrafish models (Beg et al., 2007; Iwasato et al., 2007; Wegmeyer et al., 2007; Miyake et al., 2008; Clark et al., 2013 ). These results demonstrate that ␣2-chimaerin is essential for lateral LMC axon repulsion from ephrin-A, but not for medial LMC repulsion from ephrin-B.
␣2-chimaerin function is required for EphA signaling in LMC axons in vivo Ectopic expression of EphA and B receptors in LMC neurons is sufficient to redirect their axonal trajectory in vivo: EphA4 redirects LMC axons dorsally, while EphB redirects axons ventrally (Fig. 3 B, D ; Eberhart et al., 2002; Kania and Jessell, 2003; Luria et al., 2008) . We hypothesized that, if ␣2-chimaerin is required for EphA signaling, then in vivo redirection of LMC trajectory by EphA overexpression should be attenuated by the loss of ␣2-chimaerin. To test this idea, we coelectroporated chick HH St. 18/19 LMC neurons with various Eph receptor and ␣2-chimaerin . Specifically, we coelectroporated the Eph receptor-GFP fusion protein expression plasmid EphB2::GFP or EphA4::GFP with [␣2-chi]siRNA and compared with control EphB2::GFP or EphA4::GFP plasmid electroporation. Ectopic EphB2::GFP and EphA4::GFP expression induced a redirection of LMC axons into the ventral and dorsal limb nerves, respectively (Fig. 3 A, B,D ; p Ͻ 0.001 for both groups vs GFP controls). In embryos coelectroporated with EphB2::GFP and [␣2-chi]siRNA, proportions of GFP signals observed in the limb nerve branches were similar to that seen in embryos overexpressing EphB2::GFP alone (Fig. 3 B, C ; p ϭ 0.251). In embryos coelectroporated with EphA4::GFP and [␣2-chi]siRNA, however, proportions of GFP signals were significantly increased in ventral branches compared with EphA4::GFP electroporated controls (Fig. 3 D, E ; p Ͻ 0.001), consistent with the loss of ␣2-chimaerin attenuating EphA4-induced, but not EphB2-induced, LMC motor axon redirection. These observations argue that, in vivo, normal ␣2-chimaerin protein levels are required for EphA receptor, but not EphB receptor, signal relay.
Cell-autonomous requirement for ␣2-chimaerin in the selection of limb trajectory by LMC axons
To assess the function of ␣2-chimaerin in LMC axon trajectory choice in vivo, we coelectroporated [␣2-chi]siRNA and a GFP plasmid in chick embryos ( Fig. 4A-F ; . In situ hybridization of spinal cord sections revealed that [␣2-chi]siRNA delivery effectively knocks down ␣2-chimaerin mRNA (Fig. 4C, F, G) . Importantly, ␣2-chimaerin knock down did not cause a significant change in the number or type of LMC motor (D-F) . G, Quantification of effects of GFP and [␣2-chi]siRNA ϩ GFP electroporation on ␣2-chimaerin mRNA levels. The ratio of immunoreactivity signal levels in LMC neurons, of the electroporated to the contralateral side (e/u ratio), was obtained in at least 16 sections of 5 embryos (Kania and Jessell, 2003) . neurons (Fig. 4H-J ) . After incubation until HH st. 28/29, we determined the proportion of GFP ϩ axons in the dorsal and ventral limb nerve branches. In [␣2-chi]siRNA-expressing embryos, we observed a significantly greater proportion of GFP ϩ axons entering the ventral nerve branches compared with GFP controls (Fig. 4 K, L ; p Ͻ 0.001). These results are consistent with the above in vitro observations and suggest that the loss of ␣2-chimaerin from LMC neurons results in a loss of fidelity of limb trajectory choice by lateral LMC axons, and their selection of a ventral limb nerve trajectory.
To determine whether the ectopic expression of ␣2-chimaerin affected LMC axon trajectory in vivo, we electroporated ␣2-chimaerin expression plasmids into chick LMC neurons. In embryos expressing wild-type ␣2-chi::GFP, a significantly increased proportion of GFP ϩ axons were observed in ventral limb nerves compared with GFP controls (Fig. 4 K, M ; p Ͻ 0.001). To examine the involvement of the ␣2-chimaerin SH2 domain, one site of Eph receptor interaction (Beg et al., 2007) and its GAP activity in LMC axon pathfinding, we next electroporated plasmids expressing a GFP-tagged ␣2-chimaerin SH2 domain point mutant (␣2-chi N94H ::GFP) or a GAP inactive mutant (␣2-chi ⌬YRV ::GFP) into chick LMC neurons. Unlike ␣2-chi::GFP transfected embryos, the proportion of GFP ϩ axons entering the dorsal or ventral limb nerves did not differ from GFP controls in embryos expressing ␣2-chi N94H ::GFP, implying that the SH2 domain is critical for the redirection of LMC motor axons (Fig. 4 K, N ; p ϭ 0.130). It is likely that ␣2-chi N94H ::GFP expression fails to redirect LMC axons because SH2 domain mutations severely attenuate ␣2-chimaerin-EphA4 interaction rendering ␣2-chi N94H ::GFP essentially nonfunctional in our assays. In contrast, in embryos expressing a dominant-negative GAP inactive mutant plasmids (␣2-chi ⌬YRV ::GFP), significantly greater proportions of GFP ϩ axons were observed in ventral limb nerves compared with GFP controls (Fig. 4 K, O ; p Ͻ 0.001 for ␣2-chi ⌬YRV ::GFP). These results suggest that the fidelity of limb trajectory choice by lateral, but not medial, LMC axons depends on cell-autonomous GAP activity of ␣2-chimaerin.
␣2-chimaerin is required for normal lateral LMC axon pathfinding in vivo
To further ascertain the effects of ␣2-chimaerin loss on lateral LMC axon pathfinding, we examined the trajectory of genetically tagged lateral LMC axons in ␣2-chimaerin gene-trapped mutant mice (␣2 gt/gt ; Beg et al., 2007) . ␣2 mutation did not result in any significant changes in the total number of neurons expressing the LMC marker Foxp1 (Fig. 5I ) , nor did it cause any change in the proportion of lateral (Foxp1 ϩ , Isl1 Ϫ ) or medial (Foxp1 ϩ , Isl1 ϩ ) LMC neurons compared with e12.5 control embryos (Fig. 5J ) . In addition, the expression of EphB1 mRNA, and EphA4 receptor protein, both required for normal LMC axon guidance (Helmbacher et al., 2000; Luria et al., 2008) , was not affected in ␣2 gt/gt mutants and LMC axons entered the dorsal and ventral limb nerves on schedule (Fig. 5 L, P, N, R; data not shown).
To visualize lateral LMC axons in vivo, we used the transgenic marker line Lim1-IRES-taulacZ (Lim1 tlz ) in which axonally transported LacZ protein is expressed under the control of the lateral LMC neuron marker Lim1 and labels the lateral LMC axonal trajectory in the limb . In e12.5 ␣2 gt/gt ; Lim1 tlz/ϩ mouse embryos and control ␣2 gt/ϩ ;Lim1 tlz/ϩ littermates, we analyzed the proportion of LacZ signal in the dorsal and ventral limb nerves by integrating fluorescence intensities of a series of limb section images in multiple embryos . In ␣2 gt/gt ;Lim1 tlz/ϩ embryos, a significantly greater proportion of LacZ-labeled lateral LMC axons was detected in ventral nerves of both hindlimbs and forelimbs compared with ␣2 gt/ϩ ;Lim1 tlz/ϩ control littermates ( Fig. 5S,T ; p Ͻ 0.001, data not shown). These observations demonstrate that ␣2-chimaerin is essential for the fidelity of limb trajectory selection by lateral LMC axons.
LMC axonal miswiring persists in adult ␣2-chimaerin mutants
Having demonstrated that ␣2-chimaerin is required for the accurate guidance of lateral LMC axons in the limb, we next investigated whether the LMC axon trajectory selection errors observed in ␣2 gt/gt mutant embryos persist to adulthood. The expression of the lateral LMC axon marker Lim1 tlz is extinguished in postnatal animals . Therefore, to assess the accuracy of LMC axonal projection in postnatal animals, we injected fluorescently labeled cholera toxin-B (Ctb) retrograde tracers into antagonistic flexor and extensor muscles of the mouse thigh and determined the columnar position of labeled LMC cell bodies within the spinal cord as a means of assigning LMC divisional identity (Fig. 6A) . We chose two time points at which to assess postnatal connections: P8, when juvenile mice are not yet walking or bearing their full body weight, and P33, when adult mice are fully ambulatory and mature locomotor stride patterns have been established (Crone et al., 2009) . Therefore, in juvenile and adult mice, we unilaterally injected the lateral LMCinnervated vastus lateralis muscle (VL; extensor muscle) with Alexa Fluor 488-conjugated Ctb and the antagonistic medial LMC-innervated biceps femoris muscle (BF; flexor muscle) with Alexa Fluor 594-conjugated Ctb ( Fig. 6A ; Jones, 1979; McHanwell and Biscoe, 1981; Tripodi et al., 2011) . Dye-injected animals recovered for 2 d to allow Ctb to be transported from the muscle injection site to motor neuron cell bodies in positions that were assessed relative to ventral spinal cord landmarks. In wild-type animals at both the P8 and P33 time points, Alexa Fluor 488-Ctblabeled motor neuron cell bodies innervating the VL were positioned lateral relative to the Alexa Fluor 594-Ctb-labeled motor neurons innervating the BF, in agreement with the expected lateral LMC innervation of VL and medial LMC innervation of BF ( Fig. 6C-H ; Tripodi et al., 2011) . In ␣2 gt/gt mutants, the mediolateral position of Alexa Fluor-488-Ctb-labeled LMC neurons (VL-innervated) was not significantly different from control animals at either time point, suggesting that the majority of labeled lateral LMC neurons appropriately innervate the VL extensor muscle. However, there were a significant number of Alexa Fluor-594-Ctb-labeled motor neuron cell bodies (BF-innervated) within the lateral division of the LMC, intermingled among Alexa488-Ctbϩ LMC neurons (Fig. 6 B, D, E, G,H, arrowheads) . Importantly, we did not observe a significant number of Alexa Fluor-488-Ctb labeled motor neurons (VL-innervated) within the Alexa Fluor-594-Ctb labeled pool (BF-innervated), suggesting that medial LMC neurons do not aberrantly innervate the lateral LMC extensor muscle target VL (Fig. 6 D, E,G,H ) . Together, these data demonstrate that a subset of lateral LMC motor neurons maintain abnormal projections to the BF muscle in early postnatal and adult stage animals.
␣2-chimaerin mutants exhibit a hindlimb "hyperflexion" phenotype A critical feature of normal locomotion is the coordinated contraction of same-joint flexor and extensor muscles. Although ␣2 gt/gt mutants exhibit a hopping-gait phenotype, coordinated flexion-extension within the same, and across opposing limbs appears grossly normal (Beg et al., 2007) . The postnatal retrograde labeling experiments revealed that, in ␣2 gt/gt mutants, adult BF flexor muscles receive apparently normal innervation from medial LMC neurons, but also aberrant innervation from lateral LMC neurons. The observed cellular defect suggests that antagonistic thigh muscles within the hindlimb might be simultaneously activated during a locomotor task in ␣2 gt/gt mutants. To explore this possibility, we examined the performance of 10-to 12-week-old ␣2 gt/gt mutant and wild-type littermates in a series of locomotor behavioral tasks. First, we determined the overall extent of locomotor activity using an open field test and observed that ␣2 gt/gt mutants were significantly less active compared with wild-type littermates ( Fig. 7A ; total horizontal beam breaks; p Ͻ 0.001). Furthermore, hindlimb rearing was also significantly reduced in ␣2 gt/gt mutant mice (Fig. 7B vs total vertical beam breaks; p Ͻ 0.001), which may reflect a general decrease in hindlimb strength (LeDoux, 2005) . Second, in a rota-rod test, which evaluates motor coordination and muscle fatigue (Pritchett and Mulder, 2003) , ␣2 gt/gt mutant mice displayed a significantly shorter latency to fall from a static rota-rod (20 rpm) compared with control animals ( Fig. 7C; p Ͻ 0.05) . We next tested ␣2 gt/gt mutants on an accelerating rota-rod (4 -40 rpm) over a 3 d testing period to determine whether there were improvements in motor performance with training (Pritchett and Mulder, 2003) . Compared with controls, ␣2 gt/gt mutants did not significantly improve in their latency to fall or speed at fall (Fig. 7 D, E; p Ͻ 0.05) . Third, automated gait analysis revealed that ␣2 gt/gt mutants exhibited several significant locomotor defects (Table 1) . ␣2 gt/gt mutants step with a shorter cycle that is characterized by an increase in hindlimb stance and a decrease in swing duration. In addition, mutant animals had a decreased stride length that was significantly more variable compared with controls (Table 1) .
Last, to assess limb muscle strength and coordination, we used an inverted screen test requiring animals to hang and support their body weight by grasping a wire grid for an extended period of time (Carlson et al., 2010) . In this assay, ␣2 gt/gt mutants grasped the screen for the same amount of time as control littermates ( Fig. 7F; p Ͼ 0.05) . However, we observed that ␣2
gt/gt mutants exhibited a hindlimb abnormality while hanging inverted: every mutant mouse exhibited an uncoordinated hindlimb "hyperflexion" phenotype characterized by the hindlimb and toes contracting toward the body, in contrast to control animals, which never exhibited this phenotype [ Fig. 7G,H ; n ϭ 10/10 (␣2 gt/gt ) vs 0/10 (wild-type)]. Together, these behavioral data suggest that ␣2-chimaerin function is required for normal neuromuscular function and that the aberrant lateral LMC axon innervation of limb flexor muscles produces a hindlimb "hyperflexion" consistent with uncoordinated antagonistic muscle contraction.
Discussion
Our experiments demonstrate that ␣2-chimaerin, a Rac-GAP linked to DRS, is required for Eph receptor tyrosine kinasemediated motor axon repulsion from ephrin-A, but not from ephrin-B. Reflecting this functional specificity, ␣2-chimaerin loss of function in mice results in discrete motor axon trajectory defects that persist to adulthood, affecting neuromuscular function. ␣2-chimaerin. However, this protein is not required for the mirror ephrin-B:EphB-mediated repulsion of medial LMC axons into the ventral limb. These data strongly imply that lateral LMC neurons do not express a redundant Rac-GAP protein that can compensate for the loss of ␣2-chimaerin.
In addition to the ephrin-A:EphA signaling system, lateral LMC axons also rely on other signaling events that contribute to the fidelity of LMC axon guidance. These include reverse signaling from EphA4 to ephrin-A5 in LMC axons, attraction to limbexpressed GDNF via c-Ret, and repulsion from Semaphorin 3A (Huber et al., 2005; Kramer et al., 2006; Dudanova et al., 2010; Bonanomi et al., 2012; Dudanova et al., 2012) . Might ␣2-chimaerin function in these processes contribute to the in vivo guidance phenotypes observed in ␣2 gt/gt mutants? No biochemical evidence of ephrin-A or c-Ret/GFR␣1 association with ␣2-chimaerin exists and, whereas ␣2-chimaerin is required for EphA4 forward signaling in corticospinal and spinal interneuron axon guidance (Beg et al., 2007; Iwasato et al., 2007; Wegmeyer et al., 2007) , it is not required for anterior commissure formation, a process that relies on reverse ephrin-A signaling (Henkemeyer et al., 1996; Dottori et al., 1998; Cowan et al., 2004; Ho et al., 2009 ). ␣2-chimaerin has been shown to interact with Plexin-A and Neuropilin receptors and is an essential protein in Sema3A-dependent dorsal root ganglion growth cone guidance (Brown et al., 2004; Riccomagno et al., 2012) . However, Neuropilin-1 and Sema3A loss of function results in limb nerve defasciculation (Sanyas et al., 2012) , whereas Neuropilin-2 knock-out leads to medial LMC pathfinding errors, which we have not observed in ␣2-chimaerin loss of function (Huber et al., 2005) . Nevertheless, to formally exclude all these possibilities, in vitro responses to individual cues such as GDNF, EphA4, or semaphorins should be measured in motor neuron growth cones lacking ␣2-chimaerin. Therefore, ␣2-chimaerin is a nonredundant, EphA-specific effector of lateral LMC axon guidance, suggesting that part of the molecular logic of Rho-GTPase deployment might be the restriction of its coupling to a particular family of axon guidance receptors.
Embryonic misprojections persist in ␣2-chimaerin mutants ␣2-chimaerin mutation disrupts specific aspects of embryonic neuromuscular connectivity and our initial hypothesis was that regressive processes might correct these defects during postnatal development. Axon pruning or degradation, as well as apoptosis of improperly wired neurons, have been proposed to correct embryonic axon guidance errors (Cowan et al., 1984) . In particular, spinal motor neuron dependence on target muscle derived neurotrophins would be one attractive mechanism for deleting inappropriately connected motor neurons (Buss et al., 2006) . Our retrograde tracing experiments in juvenile and adult animals revealed the persistence of aberrant lateral LMC axonal misprojections, reflecting the embryonic defects without any overt consequence on motor neuron survival. One formal possibility is that ␣2-chimaerin itself is required for the elimination of aberrantly connected LMC neurons: recently, the paralog ␤2-chimaerin was shown to be required for stereotyped Sema3F-dependent pruning of the hippocampal infrapyramidal tract (IPT), which also relies on ephrin-B reverse signaling (Xu and Henkemeyer, 2009; Riccomagno et al., 2012) . In vivo analysis demonstrates that ␣2-chimaerin is not required for hippocampal IPT pruning (A.A. Beg, unpublished data), suggesting, at least in the context of stereotyped CNS developmental pruning, that ␣2-chimaerin is not absolutely required for semaphoring and ephrin-dependent regressive signaling.
EphA4 and c-Ret mutations also cause the redirection of lateral LMC axons into the ventral limb nerve and abnormal innervation of flexor muscles (Helmbacher et al., 2000; Kramer et al., 2006; Bonanomi et al., 2012) . However, it is unclear whether these defects persist to adulthood because of non-axon guidance functions of EphA4 and c-Ret and the lack of retrograde labeling data.Consistentwithourgeneticexperiments,cellularmanipulationsin the chicken argue that motor neurons innervating inappropriate muscles are not preferentially eliminated (Landmesser and O'Donovan, 1984) . Therefore, the idea that apoptotic elimination of motor neurons is a highly specific process needs refinement (Gould and Oppenheim, 2004) .
Neuromuscular function impairments in ␣2-chimaerin mutants Skilled movement depends on the precise spatial, temporal, and sequential activation of functionally opposed muscles. To ensure coordinated locomotion, antagonistic flexor and extensor muscles within a limb must be activated at opposing intervals during the walking cycle. Manipulation of LMC neuron flexor-extensor connectivity by surgical muscle transposition or nerve cross union results in severe locomotor defects that are not corrected through spinal locomotor circuit plasticity (Sperry, 1945; Gordon et al., 1986) . Similarly, locomotor and postural abnormalities consistent with flexion-extension defects have been described in EphA4 and c-Ret adult mutant mice, but adult neuromuscular connectivity has not been investigated in these mutants (Helmbacher et al., 2000; Akay et al., 2006; Kramer et al., 2006) . ␣2-chimaerin mutant mice exhibit a hopping gait phenotype attributed to defects in corticospinal and spinal central pattern generator connectivity. Electrophysiological recordings from isolated spinal cords of ␣2-chimaerin constituitive knock-out mice demonstrate that ipsilateral flexor and extensor motor neuron firing correctly occurs at opposing phases of the locomotor cycle, suggesting the upstream interneuronal circuits that drive the activation and timing of lateral and medial LMC motor neurons are normal. (Kullander et al., 2003; Egea et al., 2005; Iwasato et al., 2007; Wegmeyer et al., 2007) . Moreover, it has been demonstrated recently that selective ablation of ␣2-chimaerin in Vglut2 ϩ spinal interneurons is sufficient to cause synchronous hopping (Borgius et al., 2014) . These data, combined with anatomical tracings revealing the persistence of embryonic flexorextensor neuromuscular connectivity defects in adult ␣2 gt/gt mutants, allowed us to speculate on the neuromuscular consequence of abnormal innervation of flexor muscles by lateral LMC neurons. Our tracing experiments argue that, in ␣2
gt/gt mutants, medial LMC motor neurons appropriately innervate flexor muscles. In contrast, although the majority of lateral LMC motor neurons correctly innervate extensor muscles, a subset incorrectly innervates flexor muscles. Therefore, one prediction of such altered neuromuscular connectivity might be the activation of flexors at all phases of the flexor-extensor cycle. However, we cannot formally exclude other, more complex interpretations such as prolonged or intermittent flexor muscle activation within the extensor phase that might account for the 'hyperflexion" phenotype.
Why is the ␣2 gt/gt mutant hindlimb "hyperflexion" only observed in certain behavioral contexts, such as during the upsidedown hanging grid test? One possible explanation is that the neuromuscular connectivity between lateral LMC neurons and flexor muscles is weaker than that between appropriately matched medial LMC neurons and their targets. Such weakly connected LMC neurons are not recruited in normal locomotor behaviors (Granit et al., 1957) , but a motor task that recruits larger populations of motor neurons could result in their activation, leading to hyperflexion. Selective stimulation of miswired lateral LMC neurons coupled with flexor muscle electromyography would provide critical insight to these models; however, the genetic tools for such experiments are not presently available. Although our understanding of the observed locomotor phenotypes is still rudimentary, the ␣2-chimaerin mutant represents a promising genetic model for the dissection of flexor-extensor motor function and related neuromuscular pathophysiology.
Our observations add spinal motor neurons to the register of skilled movement circuits whose function of which depends on ␣2-chimaerin. Defects in connectivity of corticospinal projection neurons, central pattern generator spinal interneurons (Beg et al., 2007; Iwasato et al., 2007; Wegmeyer et al., 2007) , and oculomotor nerve motor neurons (Miyake et al., 2008) have all been linked to human and mouse ␣2-chimaerin mutations.
A pathological hallmark of DRS is the misinnervation of abductor and adductor muscles, which is proposed to cause cocontraction and globe retraction of the eye (Miyake et al., 2008) , a neuromuscular phenotype that is strikingly analogous to the limb flexor-extensor coactivation defect that we observe in ␣2 gt/gt mutants. Although defects in Sema3, HGF, and CXL12 signaling can cause DRS-like oculomotor axon guidance defects in animal models (Ferrario et al., 2012) , the axon guidance receptors for which loss of function contributes to DRS are unknown. Intriguingly, chick oculomotor axons are repelled by ephrin-A5 (Ferrario et al., 2012) , suggesting that defects in ␣2-chimaerin-mediated ephrin-A:EphA signaling may play a role in DRS pathogenesis. Furthermore, neuromusculoskeletal abnormalities, such as club foot, occur with high incidence in DRS patients (Marshman et al., 2000) , potentially implicating defects in ␣2-chimaerin and/or EphA signaling in such comorbidities.
